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animals they copy, and
subsequently evaluate the
usefulness of the copied
behaviour, or the usefulness of
the particular model in general.
The study of heterospecific
information transfer could thus be
a useful avenue of future
research, in both insects and the
less successful other animals that
populate the planet.
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When a eukaryotic cell divides,
within minutes of anaphase
chromosome motion the cortical
cytoplasm begins to ingress at a
location overlying the position
previously occupied by the
chromosomes at metaphase. The
remarkable ability of cells to
specify the site of contractile ring
formation so precisely has
fascinated and frustrated
biologists for decades. New work
[1–3] has now shown that active
RhoA forms a narrow zone at the
site where the contractile ring will
form, and identified the Rho
GTPase-activating protein
(RhoGAP) component of the
centralspindlin complex and the
GTP exchange factor for RhoA as
key players in the activation of
RhoA.
Microtubules Specify the Site of
Contractile Ring Formation
It has long been recognized that
some component(s) of the mitotic
spindle plays a key role in
determining the site of cleavage
furrow formation when a
eukaryotic cell divides. Support
for the idea that the spindle
delivers a signal to the cortex has
come from experiments in which
the spindle was repeatedly
repositioned in an artificially
elongated embryonic echinoderm
cell [4]. The results showed that
multiple furrows can be
sequentially specified,
demonstrating that the cortex of
the anaphase cell is globally
competent to furrow, provided
that the appropriate signal is
delivered and received.
Micromanipulation experiments,
also performed in echinoderm
blastomeres, showed that two
astral arrays of microtubules,
lacking intervening chromosomes,
are sufficient to generate the
signal for furrowing [4].
Subsequent work in
mammalian and Drosophila cells,
in which the geometry of spindle,
asters and cortex differs from
that in large, spherical embryonic
cells, suggested that interzonal,
not astral, microtubules are
required for cytokinesis [5]. Given
these conflicting results, much
effort has been focused on
determining which class, or
classes, of microtubules are
responsible for furrow induction.
It is now generally agreed that
microtubules are the only
structural component needed for
furrow induction [6], and that the
class, or classes, of microtubules
that are required depends on cell
type. In some cases, two
sequential signals from astral
and interzonal microtubules are
used [5,7]. The finding that
different arrangements of
microtubules contribute to
specification of furrowing in
different organisms and that
multiple signals may participate
Cytokinesis: Rho Marks the Spot
During cytokinesis of a eukaryotic cell, following the chromosome
movements of anaphase, a contractile ring forms in the cortex midway
between the segregating chromosomes and divides the cell into two
daughters. Recent studies have provided new insights into the
mechanism by which the site of contractile ring assembly is specified.
is consistent with the essential
nature of cytokinesis.
What Is the Nature of the Signal
that Microtubules Deliver to the
Cortex?
In an anaphase cell, molecules
that localize to astral and/or
interzonal microtubules, or to the
cell cortex, could be part of the
signal or its delivery system.
Genetic approaches have
identified several conserved
protein complexes that localize
to interzonal microtubules in a
dividing cell. For example, the
chromosomal passenger
complex — composed of
INCENP, Aurora B kinase,
Borealin and Survivin —
relocalizes from centromeric
chromatin to interzonal
microtubules following anaphase
onset, and at least some
components of the complex have
been shown to be required for
cytokinesis [8].
Another protein complex,
centralspindlin, localizes to
interzonal microtubules in a
region that likely corresponds to
the region of overlap between
microtubules from the two half-
spindles [5]. Centralspindlin is
composed of a kinesin-related
protein, MKLP1, in mammalian
cells (hereafter kinesin-6) and a
GTPase-activating protein for
Rho, MgcRacGAP in mammals
(hereafter GAP). The kinesin-6
component of centralspindlin
could participate in the delivery
of signals to the cortex by
moving cargo toward the
microtubule plus-ends. In the
nematode Caenorhabditis
elegans, localization of
centralspindlin requires INCENP,
and the kinesin-6 and aurora B
orthologs interact genetically,
demonstrating that these
complexes, and possibly other
proteins that localize to the
central spindle, may function in
an integrated manner [5,8].
RhoGTPases, which regulate
the organization of the actin
cytoskeleton and myosin II
activity, have long been
suspected to contribute to the
regulation of cytokinesis [1].
Rho’s activity is regulated by a
guanine nucleotide exchange
factor, or RhoGEF (ECT2 in
mammals, hereafter RhoGEF).
Both RhoA and RhoGEFs are
required for cytokinesis in diverse
systems [1,9]. The Drosophila
RhoGEF, Pebble, has been
shown to interact with the GAP
component of centralspindlin,
leading to a model in which
centralspindlin complexes travel
along microtubules to the cortex
where they associate with the
RhoGEF and regulate formation
of the contractile ring [10].
Analysing Cytokinesis with GFP-
Fusion Proteins
To determine if active RhoA
contributes to specification of the
site of furrow formation, Bement
and co-workers [1] linked GFP to
a fragment of rhotekin that binds
specifically to active RhoA (RhoA-
GTP). When this construct is
expressed in echinoderm or
vertebrate embryonic cells,
narrow zones of GFP
fluorescence are observed in the
cortex prior to and during
furrowing. The width of the zone
remains constant during
cleavage. RhoA zones were also
detected during the highly
asymmetric division that
accompanies polar body
extrusion, indicating that they are
a conserved feature of diverse
divisions. When the spindle is
repositioned to one end of the
cell with a blunt needle — a
manipulation that is possible
using these large pliable
embryonic cells — the RhoA
signal disappears from the
original site and reappears at the
new location of the spindle
midzone. Active RhoA is not
detected when microtubules are
disrupted with nocodazole, but is
unaffected following disassembly
of F-actin with latrunculin A. The
pharmacological and
micromanipulation results are
consistent with microtubules
directing the formation of a
dynamic zone of active RhoA [1].
What Is the Molecular Basis for
the Local Activation of RhoA?
To examine this question, Yuce et
al. [3] used RNA interference
(RNAi) to knockdown expression
of candidate molecules in human
cells and imaged living cells
expressing YFP-RhoA. They found
that depletion of the central-
spindle-associated RhoGEF,
ECT2, completely eliminates the
zone of active RhoA and prevents
both accumulation of myosin II
and actin in the contractile ring
and ingression [3]. Because the
RhoGEF and GAP component of
centralspindlin have been shown
to interact [10], the authors
examined the phenotype of cells
lacking the GAP, MgcRacGAP.
Depletion of the GAP blocked
RhoA activation and contractile
ring assembly and ECT2 was no
longer localized to the disrupted
central spindle microtubules.
Depletion of the kinesin-6
subunit of centralspindlin also
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Figure 1. Rho in cytokinesis.
(A) Molecular interactions required for activation of RhoA. Only Rho molecules near microtubules receive the signal to activate Rho.
(B) Steps leading to furrow specification: (i) Kinesin-6 transports signaling complexes (arrowheads) outward along dynamic
microtubules (red). (ii) RhoA is locally activated (yellow boxes) at sites where signaling is concentrated, leading to furrowing. (iii) RhoA
stabilization of microtubules (curved arrows) could promote continued delivery.
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disrupted interzonal microtubules
and ECT2 localization. In these
cells, however, diffuse zones of
RhoA were detected and the
degree to which the RhoA was
focused correlated with the
capacity for ingression. This
experiment shows that the
localization of the RhoGEF to the
central spindle is not strictly
required for furrowing, but is
required to generate a discrete,
narrow zone of active RhoA. How
the RhoA becomes localized in
cells with diffuse GEF is not yet
known. These results also
indicate that the GAP must
contribute to RhoA zone
formation by a mechanism
distinct from central spindle
formation. Independent
experiments using RNAi to
deplete GAP or RhoGEF confirm
that contractile ring proteins,
including annillin and
phosphorylated myosin light
chain, fail to localize to the cortex
in depleted cells [2].
To understand how the GAP
might regulate RhoGEF during
cytokinesis, biochemical
approaches were used to examine
potential interactions. RhoGEF
and GAP interact in a cell cycle-
dependent manner, with maximal
interaction at
anaphase/cytokinesis.
Phosphorylation of RhoGEF
regulates this interaction. The
data support a model in which
autoinhibition of RhoGEF is
relieved by GAP binding [2,3]
What Defines the Width of the
Furrowing Zone?
Live imaging of active RhoA
showed that a discrete, well-
defined zone of RhoA activity is
critical for successful cytokinesis:
when the zone is diffuse furrowing
is initiated, but cleavage fails.
Further, it is clear that
microtubules direct the formation
of the zone in an active, dynamic
way. How are narrow zones of
active RhoA generated? One
possibility is that kinesin-6
transports GAP to microtubule
plus-ends adjacent to the cell
cortex; Rho activators could
accumulate in regions of
microtubule overlap, and diffuse
away elsewhere. This possibility is
consistent with the observation
that RhoA zones are diffuse when
microtubule organization is
disrupted, or when microtubules
are distant from the cortex.
Bement et al. [1] further suggest
the interesting possibility that the
GAP might inactivate RhoA-GTP
that is not bound to target
proteins, thus preventing
broadening of the RhoA zone.
In mammalian cells, where the
central spindle pathway is
dominant, centralspindlin clearly
contributes to signal delivery [9].
However, furrows can be initiated
by either astral or central spindle
microtubules, and in both cases
Rho is required [7]. Is transport of
activators of RhoA on astral
microtubules also driven by
centralspindlin? Or are other
mechanisms utilized to locally
activate RhoA? In mammalian
cells, Aurora B can be delivered to
the cortex independently of
central spindle microtubules [11]
and in fly embryos GFP-tagged
Pavarotti (kinesin-6) localizes to
astral as well as interzonal
microtubules [12]. Analysis of the
distribution and dynamics of the
signal delivery system in live cells
will help to resolve these issues.
Microtubules Are Both Positive
and Negative Regulators of
Furrowing
These new results are consistent
with microtubules delivering, and
overlap zones concentrating,
positive inducers of cytokinesis.
Other work, however, has
suggested that microtubules
deliver signals that induce
cortical relaxation. If these
signals were maximal at the
poles, equatorial contraction
could occur [13]. The idea that
microtubules negatively regulate
furrowing is supported by the
observation that disruption of
microtubules by drugs or genetic
manipulations results in ectopic
furrows [5].
One possible way to reconcile
these different hypotheses is that
microtubules participate in both
positive and negative regulation
of the cortex. Perhaps dynamic
microtubules exert a global,
negative effect on contractility,
and also serve as tracks to
deliver activators of RhoA to the
cortex. Regions of microtubule
overlap — or more generally,
asymmetry in microtubule
distribution along the cortex [5]
— could dynamically generate
zones of active RhoA,
overcoming negative regulation
and stimulating contractility.
Active RhoA could then locally
stabilize microtubules [14].
Although the idea is speculative,
stable microtubules might in turn
enhance delivery of RhoA
activators, generating a positive
feedback loop (Figure 1).
Consistent with this possibility,
regional differences in
microtubule behavior have been
demonstrated in dividing cultured
cells [15] and stable microtubules
concentrate interzonal
components [16]. It will be of
interest to determine if ectopic
furrows are associated with
zones of RhoA activity.
The new capacity to directly
visualize active RhoA during
cleavage has provided fresh
insight into the mechanisms that
regulate cytokinesis.
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“George could not resist. He
simply HAD to open it.”
–Margret and H.A. Rey, Curious
George Goes to the Hospital [1]
Self control is not just a problem
for curious little monkeys. Both
people and animals often prefer
immediate over delayed rewards,
even when patience would yield a
much bigger payoff [2–4]. This
phenomenon, known as temporal
discounting in economics and
impulsivity in psychology, implies
that the value of the more distant
reward is diminished, or
discounted, by the time
intervening between the choice
and the reward. Temporal
discounting helps explain why it is
so difficult to get teenagers to
save for retirement or why it is
impossible to leave a dog at home
with enough food for a week and
expect it to ration its
consumption.
Temporal discounting is
typically studied by offering a
choice between a smaller reward
now and a larger reward some
time in the future. By changing the
size of rewards and their delays,
the rate at which future rewards
are discounted can be calculated.
Such estimates suggest that the
value of future rewards declines
rapidly [2,5], and this decline can
be described mathematically by a
hyperbolic function [2] or the sum
of two exponential functions [5,6]. 
At first blush, temporal
discounting may seem irrational
— why should a monkey prefer
one banana now when it could
have three in a week? Discounting
makes more sense in light of the
inherent uncertainty of future
payoffs. Taking one banana today
is guaranteed, but a monkey
might not survive long enough to
harvest a bumper crop of future
bananas.
While patience may be a virtue,
“perseverance furthers” [7]. Our
cultural valuation of hard work
highlights the fact that many
people prefer the easiest options
even when they are less
rewarding, just as they value
immediate over delayed rewards.
As they reported recently in
Current Biology, Stevens and
colleagues [8] have now shown
that monkeys also discount
rewards by effort. In their
experiments, two species of small
South American monkeys,
common marmosets and cotton-
top tamarins, were offered a
choice between a small reward
and a large reward (Figure 1A).
When the two rewards were
equally close, both tamarins and
marmosets chose the larger
reward. As the distance to the
larger reward was increased, the
tamarins continued to prefer it,
but the marmosets abruptly
switched their preferences and
chose the smaller, but closer,
reward.
Stevens and colleagues [8]
suggest that both species base
their choices on the relative,
rather than absolute, magnitudes
of rewards. When given a choice
between two close or six distant
banana-flavored treats, both
species chose the larger reward
with the same frequency as when
given a choice of one close or
three distant treats. Like other
animals [3], tamarins and
marmosets seem to choose
based on the ratio of rewards
rather than their absolute values.
The authors ruled out the
possibility that simple perceptual
differences, such as an inability to
discriminate the larger rewards
when they were far away, might
account for spatial discounting by
marmosets [8]. Indeed, as both
species have similarly sized
brains, body sizes, and social
structure, it seems unlikely that
any of these factors could be
responsible for the differences in
spatial discounting reported.
These observations suggest
that marmosets discount rewards
as a function of distance or effort
(Figure 1B), all the more surprising
in light of a separate set of
experiments by Stevens and
Hauser [9] which showed that
marmosets are more patient than
tamarins when choosing between
immediate small rewards and
delayed larger rewards. In those
experiments, marmosets
overwhelmingly preferred the
larger rewards — even when they
were delayed for longer than it
took to travel to the distant but
larger rewards in the new study
(Figure 1C) [8]. These data
suggest that marmosets
differentially discount rewards as
a function of time and effort.
A central tenet of economics is
that choosers show ordered,
Decision Making: The Virtue of
Patience in Primates 
Marmoset monkeys devalue rewards requiring travel to acquire, but
tamarin monkeys do not, despite the greater patience of marmosets
when rewards are delayed in time. Such preference reversals, not
predicted by standard economic theory, may reflect behavioral
mechanisms adaptively specialized for different spatial and temporal
patterns of foraging.
